Abstract December-January-February (DJF) rainfall variability in southeastern South America (SESA) is studied in 18 coupled general circulation models from the WCRP/CMIP3 dataset, for present climate and the SRES-A1B climate change scenario. The analysis is made in terms of properties of the first leading pattern of rainfall variability in the region, characterized by a dipole-like structure with centers of action in the SESA and South Atlantic Convergence Zone (SACZ) regions. The study was performed to address two issues: how rainfall variability in SESA would change in a future climate and how much of that change explains the projected increasing trends in the summer mean rainfall in SESA identified in previous works. Positive (negative) dipole events were identified as those DJF seasons with above (below) normal rainfall in SESA and below (above) normal rainfall in the SACZ region. Results obtained from the multi-model ensemble confirm that future rainfall variability in SESA has a strong projection on the changes of seasonal dipole pattern activity, associated with an increase of the frequency of the positive phase. In addition, the frequency increase of positive dipole phase in the twenty first century seems to be associated with an increase of both frequency and intensity of positive SST anomalies in the equatorial Pacific, and with a Rossby wave train-like anomaly pattern linking that ocean basin to South America, which regionally induces favorable conditions for moisture transport convergence and rainfall increase in SESA.
Introduction
It has been a challenge for the international scientific community to understand future climate changes associated to greenhouse gas increase, particularly at regional scales. The World Climate Research Program-Coupled Model Intercomparison Project (WCRP-CMIP3) Experiment has provided the most comprehensive scenarios for future climate change studies, so far. In particular, the multi-model projection for the twenty first century indicates general increases of summer precipitation in the tropical monsoonal areas and decreases in the subtropics. However, the region of southeastern South America (SESA) is one of the few subtropical regions where projected summer rainfall increases significantly by the end of the twenty first century (IPCC 2007) . SESA includes the La Plata basin, where an increasing trend of the annual rainfall has already been identified during the twentieth century, with a rainfall increase between 20 and 30% (Giorgi 2002) . La Plata basin is the second largest basin in South America, being a region with dense populations and local economies strongly depending on agricultural activities and hydroelectricity generation. Therefore, assessing projected precipitation changes in this region is an important and considerable challenge.
During summer, rainfall in SESA is strongly linked to the South American monsoon system (SAMS) (e.g., Vera et al. 2006a; Marengo et al. 2010) . One of the distinctive features of SAMS is represented by the South American Convergence Zone (SACZ), a southeastward band of cloudiness and precipitation extending from southern Amazon towards southeastern Brazil and the surrounding Atlantic Ocean (e.g., Kodama 1992) . In addition, a considerable portion of the moisture present in SESA comes from the Amazon basin, transported by the South American low-level jet (SALLJ) that is located east of the Andes, and it is a crucial component of the atmospheric water cycle in the region, (e.g., Berbery and Barros 2002) . The SALLJ is considered to close off the South Atlantic subtropical anticyclone located to the east of the continent (Rodwell and Hoskins 2001) .
Summer rainfall variability in SESA is also influenced by SACZ and moisture transport variability at a wide range of timescales (Vera et al. 2006a ). The leading pattern of summer rainfall variability in SESA on interannual timescales is characterized by a dipole-like structure with rainfall anomaly centers of opposite signs located at both SESA and the SACZ regions (e.g., Doyle and Barros 2002) . Nogués- Paegle and Mo (1997) identified a similar seesaw-like pattern in the variability of OLR anomalies filtered on intraseasonal timescales. Such pattern tends to promote above-normal rainfall in SESA and below-normal rainfall in the SACZ region, or vice versa. Changes in the strength and direction of the SALLJ controlling the moisture transport from the Amazon basin into SESA, have also been identified at both intraseasonal (e.g., Nogués-Paegle and Mo 1997; Li and Le Treut 1999) and interannual timescales (Doyle and Barros 2002) . Strong (weak) SALLJ events are associated to a westward (eastward) shift of the South Atlantic subtropical high, leading to an increase (decrease) of moisture transport and convective activity in SESA and to a weakened (enhanced) SACZ (e.g., Nogués-Paegle and Mo 1997) . In addition, weakened (enhanced) diabatic heat release by the SACZ has been linked to a decrease (increase) of the compensating subsidence over SESA (e.g., Gandu and Silva Dias 1998; Robertson and Mechoso 2000; Cerne and Vera 2010) .
It has been recognized that climate variability in SESA is remotely influenced by sea surface temperature (SST) anomalies in the tropical Pacific Ocean associated to El Niño Southern Oscillation (ENSO; e.g., Paegle and Mo 2002 and references therein) . ENSO influence is exerted through a Rossby wave train extended between the tropical Pacific Ocean and South America along an arch trajectory. During warm ENSO phase, the wave train induces a cyclonic low-level circulation anomaly at the extratropical regions of South America, and an anticyclonic low-level circulation anomaly in the tropics (e.g., Grimm et al. 2000) . These circulation anomalies lead to a convergence of moisture transport anomalies and precipitation increase over SESA and a divergence of moisture transport anomalies over the SACZ region. In addition, variability of the rainfall anomaly dipole pattern has been linked to SST anomalies in the South Atlantic Ocean (e.g., Robertson and Mechoso 2000; Doyle and Barros 2002) . In particular, positive phase of the dipole pattern that corresponds to rainfall above normal in the SESA and below normal in the SACZ region has been associated to warm SST anomalies in the western subtropical South Atlantic (WSSA; Doyle and Barros 2002) .
From the above-mentioned studies, it is evident that summer rainfall variability in SESA results from complex physical processes involving both regional and remote phenomena. But how is its future evolution going to be under a global warming context? How much of the projected changes in the summer mean rainfall is accounted by changes in the rainfall year-to-year variability? Considering the major relevance of the dipole pattern on summer rainfall variability in SESA, as described by other studies, the motivation of this work is thus to answer these questions quantifying future rainfall variability in the region in terms of properties of the dipole structure associated to the leading pattern of regional rainfall variability. Emphasis is made in studying the physical processes underlying variations of the dipole pattern in a global warming scenario associated to an increase of greenhouse gases.
Our results will confirm, through the analysis of the behavior of the dipole pattern in a GHG-increase scenario as depicted by the multi-model ensemble that the increasing trend of summer precipitation projected in the SESA region seems to be associated to an increase of the frequency of the positive phase of the dipole that induces positive rainfall anomalies in SESA. Furthermore, such an increase in the frequency of those dipole events seems linked to a differential warming of the tropical Pacific Ocean in the context of a GHG-increase scenario.
The paper is organized as follows: main features of the data set and climate models considered are presented in Sect. 2, which also includes a methodology discussion. In Sect. 3, the ability of the climate models in representing the dipole pattern is discussed as well as the changes of dipole activity depicted by the multi-model ensemble. Section 3 also includes an analysis of the criteria that has been followed to select the most suitable multi-model ensemble to study the projected changes of the summer rainfall dipole variability. The dynamics associated to future changes in the dipole pattern and in particular its relationship to SST changes in the tropical oceans, are analyzed in Sect. 4. Finally, we summarize and conclude in Sect. 5.
Data and methodology
Monthly means of rainfall, SST and a few tropospheric variables were obtained from the set of simulations of 18 coupled general circulation models (CGCMs ; Table 1 ) of the WCRP/CMIP3 multi-model dataset computed for the IPCC-AR4 Report (Meehl et al. 2007) . The 18 models were chosen according to the availability of variables needed for the study. The simulations of the ''climate of the twentieth century experiment'' (20C3M) are used to describe the climate conditions for the period 1979-1999, while the simulations for the twenty first century based on the scenario SRES-A1B are considered to describe future climate change conditions. SRES-A1B corresponds to a continuous increase of the CO2 concentration over the twenty first century until a level of 720 ppm by 2100 (Nakicenovic et al. 2000) . It has been extensively used in the literature as it represents a midrange future scenario. Detailed documentation about the multi-model dataset can be found at http://www-pcmdi.llnl.gov/ipcc/model documentation/ipccmodeldocumentation.php. In addition, monthly mean rainfall fields from the Climate Prediction Center (CPC) Merged Analysis of Rainfall (CMAP) dataset (Xie and Arkin 1997) are used to describe the mean and variability conditions observed in the rainfall between 1979 and 1999.
An empirical orthogonal function (EOF) analysis of the seasonal (December-January-February; DJF) rainfall anomalies was made over South America to describe the year-to-year summer rainfall variability. The leading pattern displays a dipole-like structure with rainfall anomalies of opposite sign over SESA and the SACZ region, respectively (Fig. 1a) . In order to focus the study over SESA, the EOF analysis domain was reduced at 39°-16°S and 64°-31°W. The resulting leading mode (EOF1) also represents a dipole-like structure (Fig. 1b) , and its corresponding time series (PC1) exhibits a correlation of 0.69 with that associated to the leading pattern resulted from the continental-scale domain. Moreover, EOF1 pattern is similar to the dipolar structure described by Doyle and Barros (2002) and more recently, by Grimm and Zilli (2009) , both of them considering different regions and periods. The rainfall dipole identified in the SESA domain (Fig. 1b) is then considered in the rest of the paper to represent the summer rainfall variability in the region.
3 Multi-model ensemble and rainfall in SESA Extracting the most useful information and estimating uncertainties from a large number of climate models and simulations is still a challenge. In particular, for some regions, eliminating models that poorly represent presentday climate or exhibit incoherent physical behavior in a future climate, results often in a spread decrease of the multi-model ensemble (Knutti 2010 and references therein) .
Previous works have shown that most of WCRP-CMIP3 models are able to describe the main features associated to South America summer climate, although they still exhibit considerable dispersion in quantifying mean and variability of summer rainfall in the region (e.g., Vera et al. 2006b; Vera and Silvestri 2009 ).
In the following sections, a detailed analysis of the ability of the 18 models in depicting the features associated with the leading pattern of rainfall variability is presented. We will show, furthermore, that the most suitable models to study the changes of the DJF rainfall dipole and its physical processes in the future are those showing: (1) ability to represent the rainfall dipole pattern in the present as in the future climate, (2) coherence in projecting positive rainfall changes in SESA by the end of the twenty first century, and (3) a coherent behavior of the future evolution of the dipole. As it is explained below, nine of the eighteen considered models fulfill the required criteria.
Representation of the DJF rainfall dipole
The ability of the models in representing the space-time features of the observed leading modes of rainfall interannual variability is firstly assessed. The EOF analysis was applied to the DJF rainfall anomalies of the 18 models for the periods 1979-1999 and 2001-2098 respectively. A comparison between the EOF1 obtained from observations ( Fig. 1b) and those depicted by the models for the end of the twentieth century (Fig. 2) reveals that 14 models represent a dipole-like structure similar to that observed, while 4 models (GISS-eh, GISS-er, IPSL and MPI) having strong limitations to represent it. Figure 2 also shows that a common model bias detected for the late twentieth century, is that the simulated centers of action of the dipole pattern are shifted northeastward with respect to the observed counterparts. Table 2 shows the spatial correlations between the EOF1 obtained from CMAP and those obtained from the model simulations. They are statistically significant for most of the models with exception of GISSer, MPI, and IPSL. It was found that these four models exhibits a dipole-like structure in association to their corresponding EOF2, meaning that although these models can reproduce such pattern, it is not the dominant one. Figure 2 also shows that GISS-eh model exhibits a subtropical center of action of the corresponding EOF1 located off the coast. EOF1 was also computed from the model simulations for the twenty first century (2001-2098) (not shown) and most models are also able to represent the dipole-like structure for this period. The exception is GISS-AOM, which exhibits an EOF1 that is not significantly associated to the observed one (Table 2 ). In essence, 13 of the 18 models are able to represent the rainfall dipole as the leading mode in a present period as in the future projections. The 5 other models (GISS-AOM, GISS-eh, GISS-er, IPSL and MPI) show limited ability to represent it as the leading pattern of rainfall variability and they should (2006) not be part of a model ensemble used to study the dipole evolution. An analysis of the variance percentage explained by the EOF1 computed over the end of the twentieth century ( Table 2 ), reveals that the pattern obtained from CMAP data explains 19% of variance while for most of the models, it explains between 20 and 40%. A decrease of the variance explained by EOF1 is found, however, for the majority of the models when the pattern is computed over the whole twenty first century period, ranging those percentages between 18 and 30% (Table 2) . Nevertheless, it seems that models in average tend to overestimate in some extent the activity of EOF1.
Projected changes of DJF mean rainfall
Changes of DJF mean rainfall, simulated by the 18 climate models from 1979-1999 to 2079-2099, are depicted in Fig. 3 . As it was mentioned in Introduction, the IPCC-AR4 report pointed out a significant increase of the DJF rainfall in SESA from a 23-model ensemble mean, in which at around 14 of the models agree in a positive rainfall change in that area (Christensen et al. 2007) . Figure 3 shows that among the 18 models considered in this study, 12 of them show that rainfall changes over the subtropical regions are associated to changes of opposite sign in the tropics, particularly over the SACZ region. To confirm the latter, an EOF analysis was performed over the 18 rainfall difference maps displayed in Fig. 3 , and the resulting leading mode that explains 36% of the variance clearly exhibits the seesaw pattern between SESA and the SACZ region (not shown). Therefore, the dipole-like pattern not only appears in most of the models as the leading mode of summer rainfall variability, but it seems also to be the spatial structure that characterizes the most common response signal among the models in a global warming scenario. Moreover, 9 of those 12 models (indicated with red labels in Fig. 3 ) project a precipitation increase in SESA and a decrease in the SACZ region, which constitutes the dominant structure for rainfall projection in SESA. The remaining 3 models (CNRM, IPSL, UKMO-hadGEM1) project the opposite change that is rainfall decrease in SESA and increase in the SACZ. These results are consistent with Vera et al. (2006b) , who found an increase of the DJF rainfall in SESA in most of the models, but with changes less consistent in the SACZ region.
3.3 DJF rainfall dipole activity in a climate change scenario
In order to explore the evolution of the rainfall dipole pattern along the twenty first century, EOF1 events were identified as those years when PC1 is larger (smaller) than 1 (-1) standard deviation of its interannual variability. These years represent the positive (negative) phases of large amplitude of the dipole and they are associated to Fig. 4 displays the time series of PC1 and the corresponding EOF1 events (red and blue dots) for two models with different behavior. An increasing trend is observed in PC1 values for GFDL2.0 leading to a progressive frequency increase of positive EOF1 events and a frequency decrease of negative EOF1 events, with a reduction of its amplitude (Fig. 4a) . On the contrary, IPSL shows a long-term negative trend in the corresponding PC1 evolution with no significant changes in the corresponding interannual variability (Fig. 4b) . The evolution of both positive and negative EOF1 events was analyzed by contrasting two periods: 2001-2049 and 2050-2098 , which are the first and second parts of the twenty first century, respectively. Changes in the frequency of both positive and negative EOF1 events are represented for each of the models in Fig. 5 and those for the multi-model ensemble mean in Fig. 6 . Left and right bars represent the number of EOF1 events during the first and the second half of the twenty first century, respectively. Figure 5 shows that 10 models exhibit by the second half of the twenty first century a common behavior characterized by a frequency increase of positive EOF1 events and a frequency decrease of negative EOF1 events. Among these 10 models, the MPI model is included that should not be considered based on the previous discussion in Sect. 3.1. The remaining 9 models (indicated with a red star in Fig. 5 ) are exactly the same ones identified in Sect. 3.2. The 18-model ensemble shows, in average, a similar behavior (Fig. 6) , although the mean changes in the frequency of EOF1 events are smaller than the inter-model variability and these changes present a very-low statistical significance. The statistical significance, from a Student's t test for the 9-model ensemble, reaches easily to the 99% of confidence level. This is clearly larger than that obtained for the 18-model ensemble (Fig. 6b) . Furthermore, Fig. 6c reveals that the EOF1-event frequency analysis made for the remaining models show an opposite behavior but not statistically significant (Fig. 6c) .
In summary, the identified 9 models (CCCMA T43, CCCMA T63, CSIRO, GFDL2.0, GFDL2.1, MIROC hires, MIROC medres, MIUB, UKMO HadCM3), coherently exhibit: (1) a realistic representation of the dipole-like structure associated to EOF1 events in the present (Fig. 2) as in the future (not shown); (2) an increase of the projected summer rainfall in SESA by the end of the twenty first century and a decrease in the SACZ region (Fig. 3) , accordingly with previous works (e.g., IPCC 2007; Vera et al. 2006b ); and (3) an increase of the frequency of positive EOF1 events and a decrease of negative EOF1 events during the twenty first century (Fig. 6) . These 9 models compose the multi-model ensemble used hereafter in our study.
In order to explore how much of the changes in the summer mean precipitation are accounted by changes in the activity of the dipole pattern EOF1, DJF rainfall changes between (2050-2098) and (2001-2049) were computed from the 9-model ensemble: (1) including only those years identified as positive and negative EOF1 events (Fig. 7a) , (2) including complementary non-intense event years only (Fig. 7b) , and (3) including all years (Fig. 7c) . The three panels have been standardized by the total number of years so the last one corresponds to the sum of the two precedent ones. When EOF1 event years are only considered (Fig. 7a) , DJF mean precipitation changes show a dipolar structure that contributes to an increase of mean precipitation in SESA and a decrease in the SACZ region. A comparison with Fig. 7c reveals that more than 70% of the summer precipitation changes in SESA are explained by those summers associated to an active dipole EOF1. Such summers correspond roughly to a third of the total number of years. Figure 7b shows that rainfall changes associated to non-EOF1 event years also contribute to a generalized precipitation increase in the region but its contribution to rainfall increase in SESA is rather small . Black contour indicates the 0 level. The 9 models selected in Sect. 3.2 are marked in red (less than 10%). We can conclude that projected summer rainfall changes in SESA are strongly related to changes in the activity of the dipole pattern depicted by EOF1, being the contribution from years associated to EOF1 events significantly larger than that from neutral years.
The contribution of the EOF1-event changes to the positive trend of the summer precipitation projected in SESA was further explored. Figure 8 depicts the temporal evolution of the 9-model ensemble mean of DJF rainfall standardized anomalies and its corresponding linear trend over that particular region. Rainfall values were standardized before the 9-model ensemble mean computation, considering both mean and standard deviation values computed for each of the models over the whole period. Figure 8 also includes ''the cloud'' of standardized rainfall anomaly values associated to both positive and negative EOF1 events resulting from each of the 9 models. Besides the large dispersion observed among them, positive (negative) EOF1 events corresponding to DJF seasons with rainfall above-(below-) normal in SESA tend to be more frequent during the second (first) half of the twenty first century. Moreover, the positive trend (significant at p \ 0.01) evident in the positive EOF1 events evolution aligns well with that described by the 9-model ensemble mean evolution, while that associated with the negative EOF1 events is not significant. In addition, it is noticeable that the 9-model ensemble mean seems to show two distinctive behaviors when the two halves of the twenty first century are separately considered: while the first half does not exhibit a significant rainfall trend, a positive trend (significant at p \ 0.01) is clearly evident in the multimodel ensemble mean along the second part of the twenty first century (Fig. 8) . This is in agreement with Hawkins and Sutton (2009) who showed that projections of regional climate change are largely influenced during the first half The three panels a, b and c represent respectively the ensemble mean of the 18 models, the 9 selected models and the rest. Error bars represent inter-model dispersion of the twenty first century by uncertainties due to both natural variability and model differences while during the second half of the twenty first century climate change scenarios dominate the response.
We can conclude that the increase of rainfall in SESA by the end of the twenty first century seems associated to an increase of both frequency and intensity of the rainfall amounts promoted by positive phases of the rainfall dipole pattern. The evolution of the summers associated to the negative phase of the dipole is characterized by a decrease of their frequency but a quasi-constant evolution of their intensity.
Dynamics associated to rainfall dipole changes
The main dynamical features associated with the behavior of the dipole pattern, EOF1, in the context of a climate change is discussed in this section. The 9-model ensemble is used to compute composite fields of different variables. The fields are based on the ensemble mean of the composites computed from the positive and negative events of EOF1, identified for each of the models along the twenty first century. Those fields were also computed with the composites from each model standardized before the ensemble mean computation, and they resemble the same general structures (not shown).
SST
In order to explore the sources of the projected changes in EOF1 activity, we explored the SST anomaly patterns associated with both positive and negative EOF1 events. . Black contour indicates the 0 level Fig. 8 Temporal evolution of the standardized DJF rainfall in SESA (38°S-26°S, 64°-50°W) from the 9-model mean during the twenty first century (black thin line) and its linear trend (black thick line). The rainfall linear trends for both the first and the second parts of the twenty first century are represented by the two dashed black dashed thick lines. Blue (red) dots correspond to the rainfall anomalies associated to each of the positive (negative) EOF1 events identified for each of the models (the corresponding linear trends are depicted in dashed lines)
Difference fields of SST anomaly composites between positive and negative EOF1 events are displayed in Fig. 9 for each half of the twenty first century. Two common regions of maximum positive SST anomalies are observed in both periods: the equatorial central Pacific, and the WSSA. This result is consistent with the studies cited in Introduction linking warm SST anomalies in both equatorial central Pacific and WSSA to positive phases of the DJF rainfall dipole. It is noticeable, however, that elsewhere of those two oceanic regions, global negative SST anomalies mainly characterize the composite differences for the first half of the twenty first century (Fig. 9a) , while in the second half of the twenty first century the SST anomalies are mainly positive (Fig. 9b) .
Changes in the intensity and spatial structural of the maximum positive SST anomaly centers were also observed between the first and the second parts of the twenty first century. During the first period, the maximum in WSSA is the dominant positive center (Fig. 9a) , while that in the equatorial central Pacific becomes the main one during the second part of the twenty first century (Fig. 9b) . During this last period, positive SST anomaly structure over the equatorial Pacific is more spatially extended while the SST anomaly center in WSSA is more spatially extended to the southwest. These changes are synthesized in Fig. 9c , which displays the difference of Fig. 9a, b . It is evident that changes in the rainfall dipole activity in SESA are associated to a generalized warming over most of the The temporal evolution of standardized SST anomalies in the equatorial central Pacific along the twenty first century in relationship to the activity of EOF1 dipole pattern is further explored. Figure 10a shows the evolution of the 9-model ensemble mean of the standardized DJF SST anomalies (spatially averaged over the box 6°S/6°N and 150/90°W) and its corresponding linear trend. SST values were standardized before the 9-model ensemble mean computation, considering both mean and standard deviation values computed over the whole period for each of the models. Figure 10a also includes the ''cloud'' of standardized SST anomalies associated to all EOF1 events identified for each of the 9 models. A large SST increase along the century dominates the evolution, as it is expected in a context of GHG increase scenario. However, it is still discernible that SST above (below) normal mainly related to positive (negative) EOF1 events are more frequent during the second (first) part of the twenty first century. Furthermore, the linear trend described by the SST anomalies related to positive (negative) EOF1 phases, is larger (smaller) than that resulted from the 9-model ensemble mean. These features are still evident when the positive linear trend is removed (Fig. 10b) . Figure 11 shows the changes between the first and the second part of the twenty first century of the composite standardized SST anomalies in the equatorial central Pacific associated to both positive and negative EOF1 events as depicted by the 9-model ensemble mean. Standardized SST anomalies for both EOF1 phases exhibit a positive trend along the twenty first century that is significantly different from inter-model dispersion. In particular, the positive SST anomaly change associated to positive EOF1 events is 30% larger than that identified for the negative EOF1 events. It is also evident that for each half of the twenty first century, composite SST anomalies for positive EOF1 events are larger than those for negative events. Although, the composite SST anomaly differences between positive and negative EOF1 events are not significantly different from the inter-model variability, which provides some level of uncertainty to this result.
In summary, the activity of the rainfall dipole along the twenty first century in a context of GHG increase climate change scenario seems to be more influenced by the SST evolution in the equatorial central Pacific than in any other region. A positive (negative) EOF1 event is mainly characterized by SST above (below) normal over the equatorial Pacific. In addition, the evolution of both rainfall dipole phases along the twenty first century is associated with an intensity increase of warm SST anomalies in the equatorial Pacific. In particular, there is a tendency of the changes in the activity of the DJF rainfall dipole to prefer its positive phase, in relationship to an increase of more intense equatorial Pacific positive SST anomalies by the second half of the twenty first century.
Atmospheric circulation changes
In order to better understand the links between the projected Pacific equatorial SST anomalies and EOF1 events changes, an analysis of the atmospheric circulation related pattern was made at both hemispheric and regional scales. In this particular study, only 7 of the selected 9 models were used due to the unavailability in the PCMDI dataset of some of the needed variables for MIUB and UKMO hadCM3 models.
The 500-hPa geopotential height composite difference between positive and negative EOF1 events, for the period Fig. 12a . The circulation anomalies exhibit a wave train-like structure consisting of alternating positive and negative height-anomaly centers following an arch trajectory from the western tropical Pacific toward South America. A positive anomaly center is discernible over the SACZ region, while a negative anomaly center is evident at the southern tip of South America, which promotes favorable conditions for rainfall enhancement in SESA associated to positive EOF1 events. This pattern resembles the teleconnection that typically links SST anomalies in the equatorial Pacific with positive rainfall anomalies in SESA, in agreement with the previous works described in Introduction. During the second part of the twenty first century (Fig. 12b) , a similar pattern is found, although the wave train structure is intensified, and the centers are displaced southwestward over South America and westward over the Pacific Ocean. It was found that such displacement is statistically significant over the south Pacific at the 90% level of a Student's t test (not shown).
The 850-hPa humidity flux composite differences between positive and negative EOF1 events, shows for both periods that the anticyclonic circulation anomaly observed in the SACZ region associated to positive EOF1 events (Fig. 12) , favors moisture transport convergence in SESA and moisture divergence in the SACZ region (Fig. 13) . This pattern agrees with those found by other studies and previously discussed (e.g., Nogués- Paegle and Mo 1997; Robertson and Mechoso 2000) . The analysis of the changes of moisture transport composite differences between the two periods shows that the moisture transport convergence (divergence) anomaly center in SESA (SACZ) region is weakly displaced to the southwest (northwest) in the second half of the twenty first century (Fig. 13b ), compared to their respective locations during the first half (Fig. 13a) . In agreement, the corresponding composite maps for rainfall anomalies (Fig. 14) show that the dipole spatial structure is slightly shifted by the second part of the twenty first century, being the positive anomaly center in SESA displaced to the southwest while the negative anomaly center in the SACZ region is located toward the northwest.
Consequently, the analysis performed in this section confirms the presence of a teleconnection pattern linking the SST anomalies in the equatorial Pacific and the rainfall dipole in SESA. During positive EOF1 events, the Rossby wave train-like pattern extended along the South Pacific induces an anticyclonic anomaly circulation over tropical South America that enhances moisture convergence in SESA and reduces over the SACZ region. Results are consistent with previous studies describing the mechanisms associated to ENSO influence on rainfall variability in SESA. It was found that while these mechanisms are evident in both halves of the twenty first century, the structures are displaced between the first and the second half, resulting in a slight displacement of the rainfall dipole centers.
Summary and conclusion
Changes in the summer rainfall variability in SESA in the context of a global warming scenario associated to GHG increase were studied in this paper. Such changes were described in terms of the properties of the first leading pattern of rainfall variability in the region, characterized by a dipole-like structure with centers of action at both SESA and the SACZ region. The study was performed under the motivation in answering the following two main questions: how rainfall variability in SESA would change in a future climate and how much of that change explains the projected positive trends in the summer mean rainfall in SESA, identified in previous works. The study was based on the analysis of climate simulations of 18 climate models from the WCRP/CMIP3 dataset, for both current climate conditions and the SRES-A1B climate change scenario. The DJF rainfall dipole structure in SESA depicted by observations over the end of the twentieth century in association to the leading pattern of variability (EOF1) was found to be also the main intrinsic structure in the model simulations for both present and future climate conditions. Changes in the EOF1 activity were described through the analysis of the frequency and intensity of both positive and negative EOF1 events, as defined by the corresponding principal component time series. Positive (negative) phases of EOF1 are associated to positive (negative) rainfall anomalies in SESA and negative (positive) anomalies in the SACZ region. Results obtained from the 18-model ensemble confirm that future rainfall variability in SESA has a strong projection on the changes of seasonal dipole pattern activity, being them associated to an increase of the frequency of DJF seasons associated to an EOF1 positive phase.
A detailed analysis of the EOF1 activity in a future climate was performed using 9 of the 18 models. The models were selected as those showing: (1) ability to represent the rainfall dipole pattern in the present as in the future climate, (2) coherence in projecting positive rainfall anomalies in SESA by the end of twenty first century, and (3) a coherent behavior of the future evolution of the dipole. The 9-model ensemble shows that the increase of summer rainfall in SESA projected for the end of the twenty first century by most of the CGCMs, and already discussed in previous publications or summarized in IPCC (2007), seems to be associated with an increase (decrease) of the frequency of the positive (negative) events of the dipole leading pattern. Moreover, positive trend in DJF rainfall in SESA largely corresponds to a tendency of the rainfall dipole to prefer its positive phase. These results are in agreement with Silvestri and Vera (2008) that found an increase (decrease) in the frequency of heavy (low) summer rainfall by the end of the twenty first century at the southern and central portion of SESA.
Results also show that the frequency increase of positive dipole phase along the twenty first century seems to be associated to an increase of both frequency and intensity of positive SST anomalies in the equatorial Pacific. Furthermore, composites based on the 9-model ensemble outputs show a Rossby wave train-like anomaly pattern linking the equatorial Pacific to South America, which regionally induces favorable conditions for moisture transport convergence and rainfall increase in SESA, in agreement with previous works. A change of the structure of the dipole was also found by the second half of the twenty first century, characterized mainly by a southwestward displacement of the rainfall dipole center in SESA, together with the corresponding moisture transport convergence anomaly center, and a westward displacement of the Rossby wave pattern over the south Pacific. In summary, this paper has shown that the positive summer rainfall changes projected in SESA by most of the WCRP/CMIP3 climate models in a context of global warming seems related to an increase of the frequency of summers influenced by warm conditions in the equatorial Pacific. It is important to point out that summer climate in SESA has generally been considered as weakly influenced by tropical Pacific SST anomalies as compared to the magnitude of that influence observed for other seasons like spring or fall (e.g., Grimm et al. 2000) . However, the results of this paper show that future climate change seems to modify strongly the SST spatial structure for the tropical Pacific and thus its influence onto SESA climate variability. Such conclusion has been obtained from the analysis of a multi-model ensemble that includes some of the models that have also been identified by other studies among the ''best'' models in simulating present-day ENSO variability (GFDL2.1, MIROC hires, UKMO hadCM3, by van Oldenborgh et al. 2005 ; GFDL2.0, GFDL2.1 and UKMO hadCM3, by Guilyardi 2006) . The same models have been identified by Vera and Silvestri (2009) as showing the better description of the hydroclimate features induced by ENSO in the Southern Hemisphere and regionally over South America. However, Leloup et al. (2008) identified 5 of our 9 models as displaying a tendency to have a stronger than observed maximum of SST anomalies variability in the western Pacific during ENSO. Moreover, the results described in Sect. 3.1, show that the percentage of variance explained by the EOF1 represented by the 9 models by the . The zero contour is omitted. Areas where values are statistically significant at the 90% of the Student test are inside a black contour end of the twentieth century is around 10% larger than that observed. Therefore, how much of the signal depicted by the CMIP3 climate change projections for the summer precipitation in SESA is related to the ability of current climate models in correctly reproducing both the tropical Pacific ocean dynamics and the associated teleconnection patterns, is not clear yet and should be focus of future researches.
